Introduction
D uring the last decade, much atten tio n has been d ev o ted to the isolation and the characterization of th e radiation-induced degradation products of v ari ous nucleobases, nucleosides and nucleotides used as nucleic acid m odel com pounds (for recent review s see ref. [1] and [2] ). Special em phasis has been placed on the structure assignm ents of the deco m position products of pyrim idines [3] , C onversely purine com ponents, especially guanine, have received far less atten tio n [4] [5] [6] [7] [8] . This m ay at least in p art be explained by the lack of ap p ro p riate analytical m eth o d s for the separation of the ra th e r com plex m ixtures of degradation products obtained. T hese difficulties have for the most p art been overcom e by th e introduction of high perform ance liquid ch ro m ato graphy (H P L C ) techniques, which have b een shown to be very efficient in the separation of rad iatio n -induced degradation p roducts of 2'-deoxyguanosine [9] . In addition, soft ionization mass spec tro m e try m ethods such as fast atom bom b ard m en t and plasm a desorption mass spectrom etries have b een found to provide interesting structural in fo rm a tion on the polar and fragile m odified 2 '-deoxyguanosine derivatives [10] . The capabilities of these analytical m ethods have been illustrated in tw o p re lim inary accounts which report the characterization o f th e 8,5'-cyclo-2',5'-dideoxyguanosine 2,2,6,6-tetram eth y l-4 -p ip erid o n e-N -o x y l adducts to 2 '-deoxyguanosine [12] as radiation-induced d eg ra datio n p ro d u cts. T he p resen t study focusses on the isolation and th e stru ctu re assignm ent o f the m ain d ecom position p ro d u cts of 2 '-deoxyguanosine (1 ) upon ex p o su re to gam m a rays in oxygen-free a q u e ous solution. Scavenging experim ents indicate th at hydroxyl radicals play a m ajo r role in the form ation of m ost o f th e rad iatio n -in d u ced d eg radation p ro ducts o f 2 '-deo x y g u an o sin e (1 ).
Results
A n alm ost co m p lete sep aratio n of the radiationinduced d eg rad atio n p ro d u cts of 2'-deoxyguanosine (1 ) in d e a e ra te d aq u eo u s solution has been achieved on various m icroanalytical, analytical and sem i-prep arativ e rev ersed phase silica gel colum ns by using w ater (p H 6.5) as th e m obile phase. A typical sep aratio n on a N ucleosil octadecylsilyl silicagel colum n is illu strated in Fig. 1 .
Identification o f the m ain decom position products o f 2 '-deoxyguanosine (1)
T he bulk of the rad iatio n -in d u ced decom position p ro d u cts of 2'-deo x y g u an o sin e (1) (> 9 5 % ) have been identified. O nly th e com pounds contained in the tw o fastest H P L C peaks which w ere show n to have lost th e deoxyribose m oiety w ere not u n am b i guously identified. T he radiatio n -in d u ced d eg ra d a tion p ro d u cts m ay be classified into several categories according to th e n atu re of the chem ical m odifications. leads to a collapse of this d oublet into a singlet due to chem ical exchange of th e vicinal N H p ro to n . F u rth er in fo rm atio n was o b tain ed from the analysis of the 13C N M R sp ectra w ith th e observation of a singlet for th e C -8 signal at 167.5 (2) and 166.6 (3) which is ch aracteristic of a carbonyl group. T h erefo re a reaso n ab le stru ctu re for the m odified base is a form am idopyrim idine derivative which results from th e o pening of the im idazole ring betw een the carbon C -8 and the nitrogen N-7 [13] , 'H and 13C N M R sp ectra clearly indicate th e presence of a 2-deoxvribose m oiety in b oth form am ido pyrim idine deriva tives 2 an d 3. H ow ever, the large coupling constants (3/ > 9 . 5 H z) and also th e very small scalar coupling (3/ < 2 . 8 H z) for several osidic protons (T able I) are unusual for 2 '-deoxyribofuranosylnucleosides even fo r th o se presenting severe distortion of the sugar m oiety. A pyranoid configuration ap p ears to be m o re likely for both nucleosides 2 and 3. T his re ceives additional support from the periodic acid oxi d atio n of the sugar m oiety of 2 and 3 as expected for a 2-deoxy-D -eryf/zropento pyranoside which has a cis diol function [14] . F u rth e r inspection of the osidic coupling constants of 2 and 3 allows an unam biguous assignm ent of th eir anom eric configuration. T he high value for the trans coupling constant (3/ > 9 . 5 H z) betw en the anom eric p roton and the vicinal H -2' or H -2" indicates th at H -l ' is predom inantly axially o rie n ta te d w ith the bulky aglycone assum ing an eq u a to rial conform ation in both anom ers. Tw o of th e fo u r possible chair conform ations for a and ß an o m ers of 2 '-deoxyribopyranosyl nucleosides w ould allow a diaxial orien tatio n betw een vicinal p ro to n s at th e C -l' and C-2' positions [15] . T he faster eluting co m p o u n d 2 is a /?-anom er which assum es p red o m i nan tly th e 4Q conform ation w hereas the a an o m er 3 ad o p ts a preferential *C4 conform ation. F u rth e r su p p o rt for the assignm ent of 3 as the a ano m er was p ro v id ed by the high m agnitude of J r y , associated w ith a low value of (Table I) . C onversely the H -4 ' and H-5" p rotons of the ß ano m er 2 exhibit the ex p ected preferential diaxial o rien tatio n as deduced from th e high value ofJ4 y (8.8 H z). T he a pyranoid iso m er 3 appears to be m ore stable than the ß an o m er 2 in slightly acidic aqueous solution (pH 5.0). T h e la tte r nucleoside was found to u n d e r go p artial conversion to th e a anom er 3 w ith con co m itan t release of th e free base which was fu rth er ch aracterized as 2,4-diam ino-5-form am idopyrim id-6-one.
H y d roxylation of th e p u rin e ring at th e C -8 posi tion has b een show n to be an im p o rtan t radiationinduced reactio n of ad en in e [16] , adenosine [17] and 2 '-d eo x y ad en o sin e [5] in oxygen-free aqu eo u s solu tions. H o w ev er 8-hydroxy-2'-deoxyguanosine which has b een re p o rte d as a m ajo r radical decom position of 2 '-deo x y g u an o sin e in th e presence of ascorbic acid [18] was n o t fo u n d to be p ro d u ced at least in d etec t able am o u n ts in th e p rese n t study. T his is su p p o rted by th e lack in th e H P L C elu tio n profile of any peak co rresp o n d in g to th e au th en tic 8-hydroxy-2 '-deoxyguanosine as p re p a re d by irrad iatio n of oxygen-free aq u eo u s solution of d G u o 1 containing stable N-oxyl radicals [12] analysis of these nucleosides achieved through ex te n sive com puter iterative sim ulation allows the assign m en t of these isom eric nucleosides w hich result from rea rran g e m en t or epim erization reactions w ithin the sugar m oiety. T he tw o faster eluting nucleosides 4, 5 show sim ilar *H N M R features to those of the a and ß anom ers of 9-(2-deoxy-D -eryr/zropento pyranosyl)-ad en in e [7] . In particular the high values of som e V coupling constants w ithin the sugar m oiety (T able I) o f 4 and 5 are indicative of a trans diaxial o rien tatio n for the related p ro to n s in a six m e m b ered ring w hich displays a chair conform ation [15] . A characteristic A B C system of pyranoid 2 '-deoxyribonucleo sid es w ith H -4' located betw een H -5' and H-5" [7] is also o bserved in the 'H N M R spectra o f 4 and 5. F ollow ing the sam e line o f reasoning used for the anom eric assignm ent of the pyranoid isom ers of form am idopyrim idine nucleosides 2 and 3 (vide supra) th e radiation-induced decom position prod u cts 4 and 5 w ere found to have a and ß pyranoid configuratio n s, re spectively. In b oth cases the bulky guanine residue assum es a p referen tial equatorial o rie n ta tio n , th e a an o m er 4 being in the 'C4 conform ation [4] w hereas the sugar m oiety of the ß an o m er 5 w ould reside m ostly in the 4Q conform ation [15] . T he altern ativ e chair conform ations are unlikely ow ing to several destabilising factors including bulky groups in a axial position and tran sa n n u la r o r 1,3 diaxial interactio n s. F u rth e r support for the pyranoid geom etry of 4 and 5 was given by the oxidation of th e ir sugar ring w ith periodic acid [14] .
T he structural assignm ents of th e tw o 2'-deoxyfuranosyl epim ers 6, 7 of 2'-deoxyguanosin e w ere m ade on the basis of the 'H N M R analysis of th eir sugar m oieties. Sim ilar coupling constants of re la tively low m agnitude are observed (Table I) for th ree pairs of vicinal protons involving H -l ', H-2" and H -3' in the 250 M H z 'H N M R spectrum of 6 . T his observation w ould suggest a trans relatio n sh ip betw een the related protons in a 2-deoxyfuranose ring w hich does not exhibit any severe disto rtio n . It m ay be inferred th at the above th ree pairs of p ro to n s have a sim ilar o rien tatio n which is assum ed to be p referentially equatorial. T hese d ata m ay be rationalized in term s of an a-d eoxyribofu ran o sy l geom etry which only allows the presence of th ree sim ilar trans relationships betw een vicinal p ro to ns assigned as 1 ', 2"-2", 3' and 3 ', 4 ', respectively [19] . It is now assum ed th a t the conform ation of 2'-deoxyribonucleosides m ay be considered to be in a dy nam ic equilibrium b etw een C2'endo (2E) and C 3 ' endo (3E ) form s [20, 21] . The m agnitude of the vicinal Jy,2't Jr.y-> Jr. 3 ' an d Jy# of 6 are consistent with this ap p ro x im atio n . T he low m agnitude of the trans coupling constants indicates a p red o m in an t C2< endo p u ck er (70% ). Sim ilar *H N M R featu res and co n fo r m ational tren d s have been previously observed for th e a a n o m er of thym idine in aqueous solution [19] . A n o th e r in terestin g featu re of 6 is the positive b road C o tto n b an d ce n te re d aro u n d 250 nm in its circular dichroism spectrum . T he C o tto n band which is m o st ly due to a n-Ji tran sitio n is sim ilar but o f opposite sign to th a t o f 2'-deoxyguanosine (1). T his is ex p ected for a p air of a and ß anom ers which may be co n sid ered as nearly tru e m irror im ages w hen they exhibit a sim ilar o rien tatio n of the base ab o u t th e Nglycosidic bond. It m ay be inferred th at the sugar m oiety of 6 has reta in ed the D -configuration.
T he tw o possible structures for the last 2'-deoxyfuranosyl ep im er 7 of 2'-deoxyguanosine are the a and ß an o m er of 2 '-deoxyr/zreopentofuranosides w hich w ould result from the epim erisation of C-4' and C -3 ', respectively. T he low m agnitude of the trans coupling b etw een H -3' and H -2' (1.5 H z) and the d estabilisation of the g+ ro tam er ab o u t the C -4' -C -5' bo n d [24, 25] are characteristic of 2'-deoxylyxofuranosylnucleosides irrespective o f the n atu re of th e an o m eric configuration. T he relatively high value of / r<2" strongly suggests a trans rela tio n ship b etw een the tw o ad jacen t p rotons w hich p re fe r entially ad o p t an axial conform ation. T hese d ata are consistent w ith a 2 '-deoxy-a-r/7m ?pentofuranosyl stru ctu re. It should be n o ted th at sim ilar features have b een o bserved for l-(2-deoxy-a-L -r/zreopentofu ranosyl)thym ine [26] . It is likely th at the sugar con fo rm atio n of b oth nucleosides may be accounted for by a p referen tial C yendo or a p red o m in an t 3T 4 twist form . T h e la tte r conform ation appears to be m ore p ro b ab le since a higher value of the trans coupling J v r w ould be ex pected for a C yendo con fo rm er with the low o bserved m agnitude for the J2\y coupling. A sim ilar co n fo rm atio n al tren d was n o ted for l-( 2-deoxy-/3-D -/7zreopentofuranosyl)thym ine as sug gested earlier for ß-D -xylofuranosyl nucleosides [24, 25] which is consistent w ith the low value of the trans coupling co n stan t betw een H -l ' and H ; (Fig. 4) . T hese o bservation s are in ag reem ent w ith th e lack of the electronegativ e hy droxyl group at carbon C (5 '). T his stru ctu ral as signm ent received confirm ation from the in d e p e n d ant synthesis of 9 by gam m a irrad iatio n of oxygen free aq ueous solution of 9-(5-brom o-2,5-dideoxy-/3-D-eryf/7ro p en to fu ran o sy l)g u an in e in the p resen ce of 0.5 M f-butanol as a hydroxyl radical scavenger. It should be n o te d th a t the cyclonucleoside 9 exhibits unusual conform ational features. T he low values of th e trcins coupling constants J X2' and J y A' ( < 1 H z) in this rigid constrained structure m ay be ac co u n ted for by the C(1 ')-endo 0 ( 4 ')-exo (ÖT) co n form ation [8] .
d) G u a n i n e a n d g ro u p respectively from M +\ A n o th e r interesting spectroscopic fea tu re is th e stro n g ab so rp tio n cen te re d at 1770 cm -1 in th e IR sp ectru m which indicates th e presence of a carbonyl group. F u rth e r co n firm a tion of th e stru ctu re assignm ent was p rovided by the chem ical synthesis of 12 th ro u g h th e brom ine m edi-
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Q uantitative analysis and m echanistic aspects
T he radiation-induced d eg rad atio n of d G u o 1 was found to be linear w ith the applied doses of gam m a rays w ithin the dose range (0 -800 G rays). T he calculated G value for the decom positio n of dG uo 1 appears to be low w ith respect to th e sum of the G values of the w ater radiolysis radicals: T he p resence of 0.5 M r-butanol in the gam m a ir rad ia ted aqueous solutions of dG uo 1 led to a sig nificant p ro tectio n of the nucleoside. A s a resu lt the yield of th e d eg radation pro d u cts is co n siderably low ered (T able II). O n the o th e r hand th e sa tu ra tio n of the d ea e ra te d aqueous solution of d G u o 1 w ith N 20 gives rise to about a 85% increase in th e d e g ra datio n of d G u o (Table II) . T his may be ex p lain ed by the tw o-fold increase in the G value for th e fo rm a tion o f hydroxyl radicals according to:
T hese scavenging ex p erim en ts clearly in d icate th a t the hydroxyl radicals play a m ajo r role in th e radiatio n -in d u ced d egradation of d G u o 1 in oxygen-free aqu eo u s solutions. T he fo rm atio n of the tw o formam idopyrim idine derivatives 2 and 3 w hich are the m ain d eg rad atio n pro d u cts of d G uo 1 is alm ost co m pletely p rev en ted w hen r-butanol is used as a hy droxyl radical scavenger. H o w ev er the yield o f these p ro d u cts is not significantly increased by d o ubling th e yield of hydroxyl radicals in N 20 sa tu ra te d a q u e ous solutions. F u rth erm o re it has been show n th at the fo rm atio n of the nucleosides 2 and 3 is co n sid er ably red u ced w hen the irrad iatio n s are carried o u t in the presence o f high electro n affinic sensitizers such as p o ran itro a ce to p h en o n e o r 2 ,2 ,6,6-tetram ethyl-4-piperidone-N -oxyl [12] . T hese observations w ould suggest th a t both hydroxyl radicals and so lv ated elec tro n s or hydrogen atom s are involved in th e fo rm a tion of the form am idopyrim idine nucleosides 2 , 3. A likely m echanism to be considered is the ad d itio n of a hydroxyl radical to th e carb o n C -8 of th e g u anine m oiety and subsequent hydrogen tran sfer to th e N- the in term ed iary of a Schiff base [41] (Fig. 6) . The tw o a and ß p yranoid anom ers app ear to be m ore stable th an th e corresponding furanoid isom ers w hich w ere n o t d etec ted . F u rth erm o re the ß-pyran o id derivative 2 was found to undergo partial iso m erization to the a -a n o m e r 3 which is m ore stable w ith th e concom itant release of the free base.
It is interesting to note th at the overall radiationinduced reactio n s regarding the sugar m oiety are q u an tita tiv e ly im p o rta n t as already observed for 2 '-d eo x y adenosine [3, 5] . This may partly be accounted for by the efficient restitution reaction which occur w ithin the purine ring. H ydroxyl radicals appear to be th e reactive w ater radiolysis species which initiate the radical reactions giving rise to the various nucleosides m odified w ithin the sugar m oiety. A likely m echanism for the form ation of the pyranoid isom ers 4, 5 and the a furanoid anom er 6 of dG uo w ould involve hydrogen abstraction at carbon C (4 ') as th e initial step [42] , This is expected to labilize the C -N glycosidic bon d w ith subsequent opening of the sugar ring. R e arran g em en t of the sugar m oiety of the nucleoside th ro u g h an acyclic in term ediate generates th e th ree isom ers 4 -6 after hydrogen transfer to the p osition 4 ' from suitable hydrogen donors (Fig. 7) .
T he epim erization of th e carb o n C (4 ') which gives rise to 7 m ay be acco u n ted for by initial hydrogen ab stractio n at position 4' follow ed by isom erization and hydrogen tran sfer. E x p erim en ts are in progress to fu rth e r su b stan tiate th e assignm ent of th e osidic radicals w hich are involved in th e fo rm atio n of the various isom ers of d G u o 4 -7. It should be n o ted th at the (R ) o r (S) ep im er of 8,5'-cyclo-2'-deoxyguanosine which w ould result from th e in tram o lecu lar arom atic sub stitu tio n at carbon C (8) Radiation-induced isomerization and anomeriza-HO I tion of 2'-deoxyguanosine in OH oxygen-free aqueous solution.
Instead , as described earlier [11] a new type of anhydronucleoside w hich involves a covalent bond form ation betw een the carbons C (5 ') and C (8) and which lacks a hydroxyl group at position 5' has been show n to be g en erated by the gam m a irradiatio n of d e a e ra te d aqueous solutions of d G u o (1) . A m e ch a nism to be considered for the form ation of 9 w ould involve initial hydrogen ab straction at carbon C (4 ') follow ed by dehyd ratio n and subseq u en t in tra m olecular cyclization. T his cyclonucleoside has also been found to be p ro d u ced w hen 2 '-deoxyguanosine-5'-m o n o p h o sp h ate is irra d ia ted in oxygen-free a q u e ous solutions. T his constitutes the first exam ple of a single rad iation-induced radical event w ithin a nucleotide which leads to the loss of a pho sp h ate group w ith a concom itant m odification of the a t tached base.
Conclusion
T he opening of the im idazole ring constitutes the m ain radiatio n-induced degrad atio n pathw ay of 2 '-deoxyguanosine (1 ) in d e a e ra te d aq ueous solutions. It should be no ted th a t hydroxyl radical m ed iated reactions regarding the sugar m oiety leading to v ari ous stable decom position prod u cts are relatively im p o rtan t due to no tab le restitu tio n processes w ithin the purine ring. Special atten tio n will now be paid to the study of the m echanism of these radical re a c tions. E fforts are also currently being m ade to d e te r m ine the rad iation-induced guanine lesions w ithin D N A as an extension of the p resen t investigations.
Experimental
Chemicals 2'-D eoxyguanosine (1) was p u rchased from B oehringer, M annheim and was used w ithout fu rth e r purification. [14C -8 ]-2 '-deoxyguanosine-5'-ph o sp h ate purchased from N ew E ngland N uclear was dephosp horylated using alkaline phosp h atase (E C 3.1.3.1) from Sigma C hem ical C om pany, St. L ouis, M o. T he resulting nucleoside was purified by reversed -p h ase high perform ance liquid chro m ato g rap h y on an octadecylsilyl silicagel C-18 N ucleosil colum n w ith w ater as the m obile phase. T he vials w ere com pleted w ith 10 ml o f pico fluor scintillation liquid and the radioactivity was m e as u red using a B eckm an, M odel LS 2800 ap p a ratu s.
Irradiation procedure
T he gam m a radiolysis of d ea erated aq ueous solu tions of 5 m M 2'-deoxyguanosine (1) (530 mg) was carried o u t w ith th ree 60C o sources lo cated in a pool. T he dose rate was d eterm in e d to be 110 G y/m in ac cording to F rick e's m etho d. D ea eratio n of the aq u e ous solutions of 2 '-deoxyguanosine (1 ) was accom plished e ith e r by bubbling nitrogen for 15 min or by using th e freeze-pum p-thaw ing p ro ced u re prior to gam m a irradiation.
9-(2-D eoxy-ß-D -erythropentopyranosyl)-2 .4 -d ia m ino-5-form am idopyrim id-6-one (2)
